The aim of this review is to discuss the requirements for effective irrigation of the root canal system and its role in treatment outcome. A review of the literature regarding irrigants, methods of irrigation and regimens was undertaken. It indicates that irrigation is comprised of a multitude of factors, and that effective irrigant delivery and agitation achieves mechanical, chemical and microbiological functions, which are prerequisites for obtaining a clean canal system. However, most studies are ex vivo and assess intermediate outcome values rather than treatment success. Additionally, there is an absence of high-level evidence evaluating the effect of irrigation on the outcome of root canal treatment. Therefore, citing irrigation as a significant factor that affects root canal treatment success cannot be done. This highlights the need to further investigate the prognostic value of irrigation on root canal treatment success.
Introduction
Endodontic treatment is comprised of a set of guiding principles that generally include four consecutive steps: instrumentation, irrigation, medication and obturation. Treatment success is defined as the prevention or elimination of apical periodontitis and resolution of patient symptoms (1) . The first three treatment processes are essential for microbial control in the root canal system. This is critical because the main causes of endodontic failure are remaining microorganisms or recolonisation (2, 3) . Sjogren (2) demonstrated that bacteria in the root canal, at the time of obturation, resulted in a statistically significant reduction in success. Canals yielding negative bacterial cultures had a 98% success rate, compared to 68% in those that yielded positive cultures (2) . Thus, it can be surmised that ineffective application of any of these processes could potentially affect treatment outcome.
However, in regard to irrigation, a limitation to this assumption was presented in a meta-analysis conducted by Ng et al. It indicated that using irrigation as a prognostic factor for predicting root canal treatment success could not be done due to insufficient data (4) . In contrast to insufficient high-level evidence related to the effect of irrigation on success, there is extensive literature -of lower level evidence -which has investigated the effect of irrigation on variables that are pertinent to endodontic treatment outcome. Additionally, these studies demonstrate that irrigation is a complex topic which can be deconstructed into constitutive parts. In doing this, it is appropriate to start with the question 'What elements determine effective irrigation?' The first step is to consider the goals of irrigation and the properties of an ideal irrigant, in relation to chemical and mechanical effects, as it is these effects which clean and disinfect canals.
Goals of irrigation and the ideal properties of an irrigant
Infections in root canal systems are polymicrobial and constantly undergoing selection pressure for the lowoxygen environment (5) . Planktonic members aggregate in an extracellular polysaccharide matrix associated with the root canal wall to form biofilm (6) . Additionally, the gram-negative bacteria have endotoxin in their cell walls which can elicit an inflammatory response (5). Thus, a primary goal of irrigation is the destruction of this microbial community and their by-products.
Instrumentation debrides the canal, removing microorganisms and infected tissue, allowing for deposition and diffusion of irrigants and medicaments. Throughout instrumentation, irrigation facilitates removal of particulate matter from the root canal via a flushing action (7, 8) . However, during this process, formation of a smear layer on canal walls occurs. The smear layer is an amorphous structure composed of two layers, consisting of both organic and inorganic substances that can penetrate dentine tubules up to 40 micrometres and form occluding plugs (9) . Bacteria are present in both the smear and tubules. Some organic components of the smear layer can, potentially, be bacterial substrate. The smear can provide protection for biofilms and reduce diffusion of irrigants and medicaments into dentinal tubules (10) . Additionally, the smear interferes with sealants, affecting their adaptation to dentin walls (11) , which may cause microleakage. With the exception of the apical portion of the canal, the removal of the smear layer is expected when correct irrigants are used (12) . The most common removal technique relies on ethylenediaminetetraacetic acid (EDTA) with sequential use of sodium hypochlorite (NaOCl). During the flushing process, frictional forces between the irrigant and canal wall create shear stress, which can detach material from the wall. This mechanical effect works in conjunction with the chemical effect (7) . Beyond the smear, debris from instrumentation can pack in the apical portion of the canal and lead to extrusion of bacteria into the periapical tissues; however, irrigation may prevent both (12) . Therefore, an essential function of irrigation is the ability to dissolve and flush both organic and inorganic debris, during and postinstrumentation.
Dentine erosion, as a result of removing the smear layer, poses an issue. If exposed to irrigants for several minutes, specifically NaOCl concentrations of 5% or greater, deleterious effects can occur, causing a significant drop in the flexural strength and elastic modulus of dentin (13) . Studies have demonstrated that even shortterm irrigation with hypochlorite, after chelating agents, at the end of chemomechanical preparation, causes significant erosion of the dentine surface (7) . Accordingly, maintenance of the structural integrity of the tooth should be a concurrent goal of irrigation.
During instrumentation, contact between the file and canal wall creates friction and fills flutes with debris. This reduces efficiency and weakens files which, overtime, can lead to file failure. Irrigation reduces these frictional forces. Therefore, lubrication is an integral function of irrigation. Additionally, Peters et al. (14) demonstrated that even well-instrumented canals have approximately 35% or more of their surface area untouched. These areas contribute to poor outcomes by concealing tissue debris, microbes and by-products. Removing debris from untouched surfaces relies on both chemical and mechanical processes. This requires physical agitation of demineralising and organic dissolution irrigants (7), which facilitates penetration, and thus cleaning, of the full extent of the canal. Consequently, penetration of irrigants to the uninstrumented areas is a critical function of irrigation.
Organic and inorganic components of dentine suspended in solution during chemomechanical instrumentation have the ability to inhibit antimicrobial agents (15) . As microbial control is key, it is important that the antimicrobial capacity of irrigants is unaffected. Thus, frequent replacement of irrigants to maintain a high concentration of active components, which prolong the antibacterial effect, is essential.
Complications can arise from the extrusion of irrigants into periapical tissues. Sodium hypochlorite is toxic to vital tissues, causing haemolysis, skin ulceration and necrosis (16) . Difficulties can arise in an attempt to achieve equilibrium between adequate irrigation and pressures low enough to prevent extrusion through the apex. Research in fluid dynamics is aimed at developing better ways to irrigate the apical portion of the canal through improved instrument design and ultimately, allowing optimal balance between irrigation and safety (7) . Therefore, the restriction of irrigant flow, within the confines of the canal system, preventing extrusion into periapical tissues must be considered a goal.
The aforementioned aims of irrigation help develop essential criteria for an ideal irrigant which include the following: potent antimicrobial activity; ability to dissolve organic and inorganic components; disinfect and flush out debris from the instrumented and untouched areas of canals; provide lubrication; and cause no adverse effects to the periradicular tissues or structural integrity of the tooth (8).
Irrigants and their interactions
In theory, an optimal irrigant has all of the aforementioned characteristics. However, currently, there is no single irrigant able to sufficiently cover all the required functions. Effective irrigation relies on a combination of two or more irrigating solutions in a specific sequence. Their chemical and mechanical effects determine how and when they will be utilised.
The most commonly used irrigant is sodium hypochlorite (NaOCl) (7), a highly destructive, non-selective oxidant that readily reacts with all biomolecules, giving it the ability to dissolve organic tissue (17) . It has potent antimicrobial activity, affecting several cellular components. Additionally, it can neutralise endotoxin (18) . NaOCl 'ionizes in water into Na + and the hypochlorite ion (OCl À ) establishing an equilibrium with hypochlorous acid (HOCl)' which is the oxidizer (19) . In vitro studies have shown a concentration-dependent relationship between NaOCl and time to achieve bacterial killing (20) . In vivo studies established 0.5% NaOCl to be as effective as 5% NaOCl (21) . NaOCl has a poorer performance as an antimicrobial agent in vivo, compared to in vitro. This is likely due to penetration issues in peripheral parts of the canal because of anatomy, debris and contact with inactivating substances (22) . Weaknesses of NaOCl include toxicity, inability to remove inorganic components of the smear layer (23) and -at high concentrations -adverse effects on the mechanical properties of roots (13) .
Demineralising or chelating agents, such as EDTA and citric acid (CA), comprise the other major group of endodontic irrigants. They bind and form ring-shaped complexes with metallic ions (24), allowing for effective dissolution of inorganic material (7). They are self-limiting, as their effect is nullified when fully bound to calcium.
EDTA does not affect organic tissue, is biocompatible and has limited antibacterial effect, due to the chelation of metal cations from the outer membrane of bacteria. This effect is dependent on time, concentration and pH (24) . EDTA improves the antibacterial effect of disinfecting agents in deeper layers of dentin, likely, due to its capacity to increase the permeability of dentine (25) .
Chlorhexidine (CHX) is a cationic bisbiguanide antiseptic with broad-spectrum antibacterial activity, which, also, affects yeast. Cationic charge allows for electrostatic binding to the negatively charged surface of bacteria, damaging the outer layers of the cell wall, rendering it permeable. Depending on concentration, the effects can be bacteriostatic or bactericidal. CHX is effective against bacterial strains found in infected root canals (26) , is retained in dentin and antimicrobially active for up to 12 weeks (27) . However, it lacks tissue dissolution capacity and is less effective on gram-negative bacteria, compared to gram-positive (17) . Therefore, CHX cannot replace NaOCl. However, it can be used as supplemental irrigation after NaOCl and EDTA.
MTAD consists of a mixture of tetracycline (doxycycline), acid (citric acid), and detergent (Tween-80). It removes the smear layer without significantly changing the structure of the dentinal tubules but does not dissolve organic tissue. The combination of NaOCl and EDTA is equally, or more, effective than a combination of NaOCl and MTAD (28) . Advantages over the gold standard mixture of NaOCl and EDTA have not been shown.
Other irrigants that have been used in endodontics include sterile water, physiologic saline, hydrogen peroxide, urea peroxide and iodine compounds. None dissolve tissues and all except for iodine, lack antibacterial activity. Thus, there is no indication to use them under normal circumstances (7) .
Adverse interactions between irrigating solutions occur. EDTA and CA interact with NaOCl, immediately reducing the amount of chlorine available in solution, which decreases NaOCl tissue-dissolving capacity (7) . Because CHX has no tissue-dissolving capability, there have been attempts to combine it with NaOCl. However, CHX and NaOCl are not soluble in each other and, when mixed, form a brownish-orange precipitate. Parachloroaniline (PCA) is in the precipitate and is thought to have mutagenic potential. Additionally, PCA has been shown to be toxic in humans, with short-term exposure resulting in cyanosis (7) . In light of this, avoidance of these adverse interactions should occur at all times.
Irrigant deployment and activation
As mentioned, the chemical and mechanical effects of irrigants determine their ability to disinfect canals. Mechanical effectiveness relies on generation of optimal streaming forces within the entire system. Chemical effectiveness relies on the concentration of the active components, duration of contact with targets and area of contact. Efficacy of these effects relies on the flow of a chemically active irrigant and requires complete penetration of the canal system (8) . In areas where flow cannot be created, irrigants may move by passive diffusion. However, based on the requirement of flow for effectiveness, it is logical that these areas would experience a significant reduction in chemical and mechanical effects. Additionally, a phenomenon called apical vapour lock, defined as 'air entrapment by an advancing liquid front', occurs in canals, due to their wedge shape, and may preclude irrigant flow to apical portions (29) . Boutsioukis et al. (30) found the formation and extent of vapour lock is dependent on the same parameters that affect irrigant penetration. Thus, increasing flow rate, using an open-ended needle, inserting the needle closer to working length (WL) and enlarging the root canal decreases apical vapour lock (30) . Therefore, when disinfecting a canal, irrigant delivery is as important as its properties.
The radicular access cavity allows delivery of low viscosity irrigants, facilitating debridement of biofilm and debris from both instrumented and uninstrumented surfaces. Pure flushing action is only effective for loose debris. Most contents are attached, or adhere, to canal walls. Removal requires agitation of irrigants to enhance their mechanical and chemical effects. This makes effective strategies for delivering, agitating and replacing irrigants a requirement for success.
Two flushing methods are used to irrigate root canal systems: intermittent and continuous. Intermittent flushing involves injecting irrigant into canals where it can be activated. The canal is filled several times after each activation cycle. Continuous flushing provides an uninterrupted supply of fresh irrigant into the canal. Both methods are equally effective in removing dentin debris (31) .
Irrigation modalities comprise two types: static (passive) and dynamic (active). Static relies on penetration depth of the needle. The ability to clean the canal is limited after deposition due to the irrigant being static, restricting penetration and circulation. Dynamic utilises fluid hydrodynamics. Exchange and penetration depth are dependent on the type of instrument and motion applied to it (32) .
The most common method of irrigant delivery is through a syringe with an open-ended metal needle, done either statically or dynamically. However, traditional needle irrigation fails to effectively clean uninstrumented areas. This has led to extensive research into new irrigants and strategies for delivering, agitating and replacing them. This research has generated several generic techniques which increase irrigant penetration, exchange and maintenance of oxidising capacity. These techniques include the following: needle placement closer to WL, increased preparation size or taper and increased flow rate (33) . Beyond these techniques, research has elucidated the importance of physical agitation. Physical agitation increases contact between fluid and root canal walls which enhances or activates their chemical actions. Gu et al. (31) categorised developments in delivery systems into two broad groups: manual and machine-assisted agitation. Whatever the activation technique, it must be remembered that agitation is critical in distributing and exchanging solution within the canal space because it increases antibacterial and solvent effectiveness, compared to syringe delivery alone (34) .
Effective syringe irrigation depends on the proximity of irrigant deposition to the apex as the mechanical flushing action it creates is weak (35) . Studies show irrigants reach approximately one millimetre beyond the tip of the needle, limiting penetration depth (36) . This makes apical preparation size an important factor in irrigant penetration. Methods to improve syringe irrigation effectiveness include the following: using increased irrigation volume; and smaller-gauge needles, combined with up-and-down hand movement to increase agitation and penetration.
Several designs, for both the needle and tip, have been introduced, with the aim of improving penetration and reducing risks. Examples include the Max-I-Probe or Flexi-Glide TM needle. The Max-I-Probe is a closed tip needle with side vented channels. It has been reported to improve hydrodynamic activation of the irrigant while decreasing the likelihood of apical extrusion (37) . Other manual agitation methods include needles with brush coverings and agitation with gutta-percha. Only hand activation with gutta-percha has been shown to be beneficial in helping irrigants penetrate the apical third (38) . Multiple machine-assisted irrigation activation systems exist, including rotary brushes, continuous delivery irrigation, sonic, ultrasonic and pressure alternation devices.
Rotary brushes have been shown to be effective in removing the smear layer in coronal third, but not in the apical third. Their efficacy was similar with intermittent and continuous flushing techniques (39, 40) .
Activation of irrigants with sonic or ultrasonic devices involves the agitation of either a syringe-delivered bolus or simultaneous delivery and agitation. Sonic devices generate significant back-and-forth movement of the device tip, which is effective in disinfecting canals (41) . The rispisonic file and EndoActivator are sonic devices that do not deliver new irrigant, but facilitate penetration, replenishment, and improve mechanical cleansing, compared to needle irrigation (42) . Another sonic device, the Vibringe, uses traditional syringe-needle delivery but, also, adds sonic vibration, showing significantly better results than traditional syringe irrigation in the apical part of the canal (43) .
Ultrasonic irrigating devices have two methods of application. One combines instrumentation and irrigation; the other does not. Evidence shows that activation of irrigants by ultrasonics contributes to better cleaning and disinfection, compared to irrigation and hand instrumentation alone (44) . This is likely due to cavitation and acoustic streaming phenomena, created by the ultrasonic devices. Cavitation occurs when ultrasound generates bubbles which collapse and create a pressure-vacuum effect. This effect is minimal and restricted to the device tip. Acoustic streaming is steady, unidirectional circulation of fluid in the vicinity of a small vibrating object (45) . Ultrasonically activated files produce streaming patterns which circulate irrigants and produce shear stress that can damage biological cells. Thus, ultrasonic mechanisms are effective in irrigant activation and canal cleansing. However, this increased effectiveness is reduced when files do not vibrate freely (45) .
Pressure alternation devices increase penetration in the apical canal by getting close enough to WL to avoid apical vapour lock, without risking extrusion. Two devices are commonly referred to in literature. The first is the RinsEndo system, which has a pressure-suction mechanism. Studies show it is superior to conventional static irrigation. However, it has a higher risk of apical extrusion (35) . The other system, the EndoVac, is based on negative pressure and has been shown to safely deliver irrigants to WL without causing extrusion (46) .
Effectively employing advances in irrigation techniques and technology enhances the ability to clean and disinfect canals.
Irrigation regimen
Many irrigation regimens have been suggested, yet no standardised procedure exist. Nonetheless, the generally accepted steps are as follows: irrigate with NaOCl throughout instrumentation; deposit fresh irrigant and activate (i.e. NaOCl); irrigate for smear layer management (i.e. EDTA, CA, MTAD) and deposit with optional activation; perform a final rinse (i.e. NaOCl, CHX) (47, 48) .
There are several considerations with this protocol. When activating irrigants via ultrasonic methods, 30 s per canal is recommended (49) . However, no official recommendations exist for the length of time any of the aforementioned procedures should be performed (24) . EDTA removes the smear layer but leaves superficial debris, which is why a flush, post-EDTA, has been suggested (50) . MTAD is intended for use at the end of chemomechanical preparation after sodium hypochlorite (28) . Additionally, a final rinse with an antiseptic solution such as CHX appears beneficial (48) .
Conclusion
There is an abundance of research dedicated to the various components of irrigation. However, most studies are ex vivo, of low-level evidence, and assess intermediate outcome values rather than treatment success. Nevertheless, assessment of research supports the value of irrigation in endodontic treatment. Contemporary irrigation is comprised of a multitude of factors. Of critical importance is effective irrigant delivery and agitation, which achieves mechanical, chemical and microbiological functions; prerequisites for obtaining a clean canal system. Furthermore, based on the available evidence, 'effective irrigation' does play a significant role in achieving clean canals. However, due to the absence of high-level evidence, citing effective irrigation as a prognostic factor for root canal treatment success cannot be done at this time. Therefore, there is a need for long-term prospective studies, to investigate the prognostic value of irrigation and different irrigation techniques on root canal treatment success.
